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16 Divinity Avenue, Cambridge, Massachusetts 02138
The mouse Hedgehog gene family consists of three members, Sonic, Desert, and Indian hedgehog (Shh, Dhh, and Ihh,
respectively), relatives of the Drosophila segment polarity gene, hedgehog (hh). All encode secreted proteins implicated in
cell±cell interactions. One of these, Shh, is expressed in and mediates the signaling activities of several key organizing
centers which regulate central nervous system, limb, and somite polarity. However, nothing is known of the roles of Dhh
or Ihh, nor of the possible function of Shh during later embryogenesis. We have used serial-section in situ hybridization
to obtain a detailed pro®le of mouse Hh gene expression from 11.5 to 16.5 days post coitum. Apart from the gut, which
expresses both Shh and Ihh, there is no overlap in the various Hh expression domains. Shh is predominantly expressed in
epithelia at numerous sites of epithelial±mesenchymal interactions, including the tooth, hair, whisker, rugae, gut, bladder,
urethra, vas deferens, and lung, Dhh in Schwann and Sertoli cell precursors, and Ihh in gut and cartilage. Thus, it is likely
that Hh signaling plays a central role in a diverse array of morphogenetic processes. Furthermore, we have compared Hh
expression with that of a second family of signaling molecules, the Bone morphogenetic proteins (Bmps), vertebrate
relatives of decapentaplegic, a target of the Drosophila Hh signaling pathway. The frequent expression of Bmp-2, -4, and
-6 in similar or adjacent cell populations suggests a conserved role for Hh/Bmp interactions in vertebrate development.
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appears to map to the amino peptide (Porter et al., 1995,INTRODUCTION
Fietz et al., 1995).
Several likely components of the Drosophila Hh signaling
Recent work has demonstrated that embryonic develop- pathway have been identi®ed, although the precise role of
ment in organisms as distantly related as Drosophila and several of these remains to be determined. For example,
mouse is regulated by cell±cell interactions, mediated in patched (ptc), which, like hh, is a member of the segment
large part by secreted peptides. These peptides are encoded polarity class of pattern mutants (Hooper and Scott, 1989;
by related genes which constitute a small number of gene Nakano et al., 1989), may be a target of Hh signaling. Ge-
families. One such example is the hedgehog (hh) family netic analysis indicates that Hh signaling is required to in-
(Fietz et al., 1994). In Drosophila, the single known hh gene activate Ptc function but that ptc is also transcriptionally
regulates many diverse aspects of embryonic and adult pat- activated in response to Hh (Ingham, 1993). As Ptc is a
terning, from the arrangement of denticle bands in the cuti- multiple membrane spanning protein, one suggestion is
cle to the formation of appendages, such as the legs, which that Ptc might encode a Hh receptor. Several lines of evi-
are derived from the imaginal discs (Perrimon, 1995). The dence also link Hh signaling to the down-regulation of the
Drosophila hh gene encodes a precursor protein that under- cyclic AMP-dependent protein kinase A, although it is not
goes autocleavage to release a 19-kDa amino and 25-kDa clear whether this is a direct step in the Hh signal transduc-
tion pathway (reviewed by Perrimon, 1995).carboxyl peptide (Lee et al., 1994). Although both peptides
are secreted, diffusion of the amino peptide appears to be Another important target of Hh signaling appears to be
decapentaplegic (dpp), a TGF-b superfamily member. In themore limited (Lee et al., 1994). The carboxyl peptide is
thought to contain the catalytic site and is thus responsible eye (Heberlein et al., 1993; Ma et al., 1993), wing (Tabata
and Kornberg, 1994; Basler and Struhl, 1994; Capdevila andfor the proteolytic activity, whereas all signaling activity
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Guerrero, 1994; Ingham and Fietz, 1995), and leg (reviewed may play several hitherto unappreciated roles in the devel-
opment of a diverse array of structures. Furthermore, theby Vincent and Lawrence, 1994) imaginal discs, Hh acti-
vates dpp expression. Moreover, when dpp is expressed in- striking correlation of Hedgehog and Bmp gene expression
in the mouse embryo supports the model that an interactiondependently of Hh, Dpp can mediate many of the patterning
activities formerly ascribed to Hh (Capdevila and Guerrero, between these signals may have been evolutionarily con-
served.1994; Ingham and Fietz, 1995), suggesting a more direct
patterning role for Dpp.
In contrast to the single Drosophila gene, three Hedgehog
genes have been identi®ed in the mouse (Echelard et al., MATERIALS AND METHODS
1993)ÐSonic hedgehog (Shh), Desert hedgehog (Dhh), and
Indian hedgehog (Ihh)Ðand counterparts of these (Krauss Embryos were prepared and hybridized with 35S-UTP-la-
beled RNA probes as described by Wilkinson et al. (1987).et al., 1993; Riddle et al., 1993; Chang et al., 1994; Roelink
et al., 1994) have been identi®ed in other vertebrate species. To compare expression of each gene accurately, adjacent
sections cut at 6-mm intervals were hybridized with theAn indication of the importance of this gene family has
come from studies of Shh. Shh is expressed in several or- various probes. The 0.7-kb Shh probe was transcribed using
T3 RNA polymerase from a HindIII linearized template, asganizing centers which regulate embryonic polarity (for re-
view, see Fietz et al., 1994). Expression is initiated in the described by Echelard et al. (1993), and included the 3 * end
of exon 1, all of exon 2, and the 5* end of exon 3. The 0.7-midline mesoderm of the head process and notochord at
presomite stages and extends into the overlying ¯oorplate kb Ihh probe was transcribed using T7 RNA polymerase
from an XbaI linearized Ihh clone (described by Echelard etregion at the ventral midline of the CNS by somite stages.
The notochord has been implicated in the initiation of al., 1993) and included the 3* end of exon 1, all of exons 2
and 3, and part of the 3 * untranslated region. The 0.7-kb¯oorplate induction, and the notochord and ¯oorplate are
thought to ventralize the CNS further, inducing motor neu- Dhh probe was transcribed using T7 RNA polymerase from
a BamHI linearized 700-bp RT±PCR product. This RT±rons ventrolaterally (reviewed by Jessell and Dodd, 1992).
Shh has been shown to have both of these inductive activi- PCR product was ampli®ed from an adult testis total RNA
library and was subcloned into the Bluescript (SK) vectorties (reviewed by Concordet and Ingham, 1995).
In addition to its role in ventralizing the CNS, Shh pro- (Stratagene); it included exons 1 and 2. High stringency con-
ditions, including posthybridization RNase treatment, wereduced by the notochord and/or ¯oorplate is thought to in-
¯uence development of the somite (reviewed by Johnson used to minimize cross-reaction of probes with other
Hedgehog family members. No signi®cant cross reactivityand Tabin, 1995). Finally, Shh expression in the posterior
mesenchyme of the limb bud bears a striking spatial and was observed.
The Bmp-2 probe was generated as outlined by Lyons ettemporal correlation with the signaling activity produced
by the zone of polarizing activity, which is thought to regu- al. (1989; referred to as Bmp-2A), and the Bmp-4 and -6
probes were generated as outlined by Jones et al. (1991;late anterior±posterior polarity, and appears to correspond
to this activity (Riddle et al., 1993). Thus, Shh plays multi- Bmp-6 referred to as Vgr-1).
Sections were photographed as described by McMahon etple distinct roles in organizing pattern in the early verte-
brate embryo, participating in both short (notochord to ¯oor al. (1992). Slides were scanned by a Kodak RFS 2035 ®lm
scanner into Adobe Photoshop 3.0, and composite ®guresplate)- and long (motor neuron, somite, limb)-range interac-
tions. exported to Canvas 3.5 for labeling. Completed ®gures were
printed on a Tektronics PhaserIISDX printer.Shh closely resembles Drosophila Hh in its autoprocess-
ing, secretion, diffusion, and signaling activity, which also
resides in the 19-kDa amino peptide (Lee et al., 1994; Bum-
crot et al., 1995; Fan et al., 1995; MartõÂ et al., 1995a,b; Porter RESULTS
et al., 1995; Roelink et al., 1995). Furthermore, ectopic acti-
vation of Shh in the anterior limb mesenchyme leads to the Adjacent sections from multiple embryonic stages were
examined for expression of Shh, Ihh, and Dhh. The omis-induction of Bmp-2, a dpp-related gene (Laufer et al., 1994),
providing some circumstantial evidence that Bmp-2 may be sion of mention of speci®c Hh family members at a given
site in the following discussion indicates that no expressiona target of Shh signaling. Unlike Dpp in Drosophila, how-
ever, Bmp-2 does not appear to substitute functionally for was detected.
Shh (Francis et al., 1994).
In order to investigate other possible roles for Shh in the
Tooth, Whisker, and Hairmouse embryo, and to begin to address the potential roles of
Dhh and Ihh and the relationship between mouse Hedgehog The earliest stages of tooth, hair, and whisker develop-
ment involve similar processes. The ®rst morphological evi-gene expression and that of the Bmps, we have performed
a detailed, comparative in situ hybridization study of mid dence of each is a thickening of the epithelium into a plac-
ode, which then involutes into the underlying mesen-to late gestation stage mouse embryos. Our results suggest
nonoverlapping roles for Dhh and Ihh and indicate that Shh chyme. The mesenchymal cells underlying the involuting
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placode then condense into the presumptive dermal or den- differentiating ameloblasts (Fig. 1M), while high levels of
Bmp-2 expression are largely restricted to the underlyingtal papilla, which is enveloped during later stages by an
expanding epithelial cell layer. odontoblasts (arrow in Fig. 1N). Bmp-4 transcripts are de-
tected in presumptive ameloblasts and odontoblasts adja-Development is known to depend upon reciprocal inter-
actions between the epithelium and the underlying mesen- cent to the regions that express Shh and Bmp-2 (arrow in
Fig. 1O). Both Bmp-2 and Bmp-4 are also expressed in somechyme (for tooth, see Davidson and Hardy, 1952; Lumsden,
1988; Vainio et al., 1993; for whisker, see Davidson and mesenchymal cells in contact with non-Shh-expressing epi-
thelium (arrowheads in Figs. 1N and 1O).Hardy, 1952; for hair see Kollar, 1970; Hardy, 1992). We ®nd
that all three systems also show similar patterns of Shh and
Bmp expression. Shh is expressed at very early stages in
Whiskerthe epithelium; in both the tooth and the whisker, this
epithelium also expresses Bmp-2. In all three cases, Shh In the whisker (vibrissae), Shh expression is ®rst detected
in the epithelial thickening that represents stage 1 ofexpression is matched by expression of Bmp-4 in the under-
lying mesenchyme. In the tooth and the whisker, Shh and whisker development (following Davidson and Hardy, 1952;
Fig. 2A), with a distribution similar to that of Bmp-2 (Fig.Bmp-4 are expressed in a strikingly polarized fashion; in the
tooth, Bmp-2 exhibits a similar polarity. 2B). As in the early tooth, Bmp-4 expression is restricted to
the underlying mesenchyme (arrowheads in Fig. 2C). Dur-
ing subsequent stages of whisker follicle formation (stages
Tooth 2 and 3), Shh and Bmp-2 expression continues in the epithe-
lially derived basal matrix cells (Figs. 2D and 2E) adjacentShh expression is seen in the epithelial thickening that
represents the ®rst morphological manifestation of the to Bmp-4 expression in the underlying condensing mesen-
chyme of the dermal papilla (Fig. 2F). During late stages oftooth (Fig. 1A). Expression is not uniform throughout the
epithelium; rather, transcripts show a strong bias toward follicle development (stages 5±7), Shh localizes to epitheli-
ally derived cells of the inner root sheath (Fig. 2G), Bmp-2the mesial part of the tooth. (In our discussions of the oral
cavity, we will make use of the axial de®nitions utilized by to precortical cells (Fig. 2H; see also Lyons et al., 1990), and
Bmp-4 to the inner root sheath, precortical cells, and dermalMina et al., 1995. The mesial±lateral axis is a circular axis
that runs parallel to the mandibular arch. Mesial is de®ned papilla (Fig. 2I; see also Jones et al., 1991).
by proximity to the site of the nose, lateral by proximity to
the site of the ear.) Bmp-2 expression appears to occur in a
Hairmore central cell population, whereas epithelial expression
of Bmp-4 is seen in roughly the same region as Shh (Figs. As in the whisker, Shh is expressed at the earliest stage
of epidermal placode formation (arrow in Fig. 3A); Bmp-41B and 1C). Bmp-4 is also expressed in the underlying mes-
enchyme, with a strong mesial bias. is expressed in subjacent mesenchymal cells (arrowheads in
Fig. 3B). Upon ingrowth of the epidermis, expression of bothAs the epithelial placode involutes into the underlying
jaw mesenchyme, Shh continues to be expressed in mesial genes becomes polarized, Shh to the anterior epithelium
(arrows in Fig. 3C) and Bmp-4 to the subjacent mesenchymeepithelial cells (Fig. 1D). Expression of Bmp-2 continues in
the epithelium, although its bias is now clearly mesial as of the hair follicle (arrowheads in Fig. 3D). We do not ob-
serve Bmp-2 expression.well (Fig. 1E). Bmp-4 expression is lost in the cells of the
epithelium, but continues in the mesial cells of the mesen-
chyme (arrows in Fig. 1F) adjacent to Bmp-2 and Shh.
Rugae palatinaeDuring the cap stage of development, Shh expression con-
tinues in the tooth epithelium. Expression in the early cap The rugae are ridges on the oral surface of the maxillary
plate, thought to be involved in feeding and mastication.stage is again primarily in the mesial epithelial cells (Fig.
1G); by late cap stage, this expression is seen across the They arise prior to reorientation of palatal shelves as epithe-
lial thickenings on the oral surface of the presumptive max-mesial±lateral axis, although it is strongest on the mesial
aspects of the developing cusps (arrows in Fig. 1J). Bmp-2 illa that are matched by the condensation of underlying
mesenchyme (Peterkova, 1985; Sakamoto et al., 1989).and Bmp-4 are expressed in a localized region of the early
cap stage epithelium, the enamel knot (arrowheads in Figs. Shh is expressed in the precursor cells of the rugal epithe-
lium, the thickened maxillary oral epithelium, in the 11.5-1H and 1I). In the mesenchyme, Bmp-2 expression is local-
ized to the deepest portion of the dental papilla (arrow in day-post-coitum (d.p.c.) embryo. This expression is not uni-
form: high levels of transcripts appear in the mesial epithe-Figs. 1H and 1K), while Bmp-4 expression, while broad, is
clearly strongest directly adjacent to Shh-expressing cells lium, while low levels appear laterally (arrow in Fig. 4A).
Bmp-4 is expressed both in the epithelium, in a domainof the dental epithelium (arrows in Figs. 1I and 1L).
At the bell stage, terminal differentiation is generating whose lateral boundary is roughly coincident with that of
the region of the most intense Shh expression (arrow in Fig.enamel-secreting ameloblasts from the epithelium and den-
tin-secreting odontoblasts from the underlying mesen- 4B), and in the mesenchyme underlying this epithelium, in
a similarly polarized fashion.chyme of the dental papilla. Shh expression localizes to the
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Shh transcripts appear in the rugal epithelium itself at and Ihh-expressing epithelia (Fig. 5F). These expression do-
mains are maintained through 14.5 d.p.c., by which time14.5 days post coitum (arrows in Fig. 4C). Bmp-4 expression
is limited to the subjacent mesenchyme (arrowheads in Fig. we can see morphological differences between the epithe-
lium that most strongly expresses Shh, whose cells are co-4D) and appears to be most strongly expressed in a domain
slightly mesial to that of Shh in the epithelium. Rugal ex- lumnar and pseudostrati®ed, and the Ihh-expressing epithe-
lium, whose cells are squamous and strati®ed (data notpression of both genes persists through 16.5 d.p.c. (data not
shown). No Bmp-2 expression is observed in the rugae. shown).
The patterns of Shh, Ihh, and Bmp expression in the intes-
tine are somewhat more complex. At 11.5 and 12.5 d.p.c.,
Gut both Shh and Ihh transcripts are found in the intestinal
epithelium throughout the mid- and hindgut (Figs. 5A, 5B,Expression of Shh in the gut epithelium from 15 somites
5G, 5H, 5J, and 5K). Bmp-4 is expressed in a thin layer ofhas previously been reported (Echelard et al., 1993). Expres-
mesenchyme directly beneath this epithelium (Figs. 5C, 5I,sion is also detected at mid and late gestation stages as the
and 5L). By 14.5 d.p.c., Shh expression in the intestine hasgut continues to differentiate. At this time, a second Hh
become restricted to the duodenum, where its expressiongene family member, Ihh, is also expressed in a domain
is limited to the epithelium of the crypt regions betweenthat partially overlaps that of Shh. Expression of Bmp-4 is
villi (arrows in Fig. 5M). Shh transcripts are absent from theevident in the mesenchyme adjacent to epithelial layers in
epithelium of the rectum (data not shown). Ihh is broadlythe gut that express each of these genes.
expressed in the columnar epithelial cells lining the lengthShh expression in the foregut epithelium is detected
of the intestine, including the rectum (Figs. 5N and 5Q).through at least 14.5 d.p.c. (data not shown). Simultane-
Bmp-2 mRNA is found in the duodenal epithelium, exclu-ously, Bmp-4 is expressed in the surrounding mesenchyme
sively at the tips of the villi (Fig. 5O), and in the epithelial(data not shown) while Ihh is not expressed.
cells at the most interior part of the lumen of the rectumEarly in stomach development, largely distinct domains
(Fig. 5R). Bmp-4 remains restricted to the mesenchyme ofof expression of Shh and Ihh are established. At 11.5 d.p.c.,
the duodenum (Fig. 5P) and rectum (Fig. 5S).high levels of Shh transcripts appear in the epithelium of
the forestomach, while lower levels are detected in the hin-
dstomach epithelium (Fig. 5A). Ihh is expressed exclusively Urogenital System
in the hindstomach epithelium (Fig. 5B). Bmp-4 mRNA is
primarily limited to the mesenchyme adjacent to the epi- Shh expression is detected in the epithelium of the uro-
genital sinus and Bmp-4 is observed in the adjacent mesen-thelium that expresses Shh most strongly (Fig. 5C).
This pattern of Shh and Ihh expression continues through chyme from as early as 11.5 d.p.c. (Figs. 6A and 6B). A simi-
lar correlation between Shh and Bmp-4 expression is seen13.5 d.p.c. (Figs. 5D and 5E). At this stage, the domain of
Bmp-4 expression in the stomach mesenchyme has broad- from 12.5 to 16.5 d.p.c. in the urinary bladder (Figs. 6C and
6D), the vas deferens (Figs. 6C and 6D), and the male urethraened to include the mesenchyme underlying both the Shh-
FIG. 1. Shh, Bmp-2, and Bmp-4 expression in the developing tooth. (A±C) Tooth germ in the maxillary arch, 12.5 d.p.c. Epithelial
expression of Shh and Bmp-4 and mesenchymal expression of Bmp-4 are concentrated toward mesial tip of arch; Bmp-2 expression, which
is exclusively epithelial, is more central. (D ±F ) Involuting tooth bud, 12.5 d.p.c. Shh and Bmp-2 are expressed in mesial epithelium
(arrows, D); Bmp-2 is also seen in jaw mesenchyme, with no relation to Shh expression (arrowheads, E). Bmp-4 expression is limited to
mesenchyme, concentrated in mesial cells underlying Shh and Bmp-2 expression (arrows, F). (G±I) Early cap stage, 14.5 d.p.c. Shh expression
remains restricted to mesial epithelium. Bmp-2 expression is now limited to deep dental papilla (arrow), with the exception of epithelial
expression in the enamel knot (arrowhead). Bmp-4 is expressed in the enamel knot (arrowhead) and throughout the dental papilla, with
highest levels of expression adjacent to epithelium (arrow). (J ±L) Late cap stage, 16.5 d.p.c. (molar). Shh expression is seen throughout the
epithelium, but is concentrated on mesial aspects of developing cusps (arrows). Bmp-2 is limited to dental papilla (arrow). Bmp-4 expression,
primarily restricted to papilla adjacent to epithelium, is also concentrated at mesial aspects of cusps (arrows). (M±O) Bell stage equivalent,
16.5 d.p.c. (incisor). Shh expression is limited to differentiating ameloblasts; Bmp-2 expression is found primarily in differentiating
odontoblasts adjacent to Shh-expressing cells (arrow). Bmp-4 is expressed in both ameloblasts and odontoblasts adjacent to the Shh domain
(arrows). Expression of both Bmp-2 and Bmp-4 is also observed in mesenchyme adjacent to non-Shh-expressing epithelium (arrowheads).
Abbreviations: m, mesial; l, lateral; e, epithelium; me, mesenchyme; am, ameloblasts; od, odontoblasts.
FIG. 2. Shh, Bmp-2, and Bmp-4 expression in the developing whisker follicle (staged following Davidson and Hardy, 1952). (A±C) Stage
1, 13.5 d.p.c. Shh and Bmp-4 are expressed in the epithelial whisker placode, Bmp-4 in underlying mesenchyme (arrowheads). (D±F) Stage
2±3, 14.5 d.p.c. Shh and Bmp-2 expression continues in the epithelium, in basal matrix cells (arrows). Bmp-4 is expressed in adjacent
mesenchyme (arrowheads). (G ±I) Stage 5±7, 16.5 d.p.c. Shh expression is restricted to the inner root sheath, Bmp-2 expression to the
precortical cells. (Highlighting of pigment in follicles, an artifact of the photographic processes and not a result of hybridization, is marked
with asterisks.) Bmp-4 is expressed in dermal papilla as well as precortical cells and the inner root sheath. Abbreviations: irs, inner root
sheath; pc, precortical cells; dp, dermal papilla.
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FIG. 3. Shh and Bmp-4 expression in the developing hair follicle. (A±B) Epithelial hair placode, 14.5 d.p.c. Shh is expressed in epithelial
cells (arrow), Bmp-4 in adjacent mesenchyme (arrowheads). (C±D) 16.5 d.p.c. Shh expression is detected in anterior epithelium of involuted
follicles (arrows), Bmp-4 in subjacent mesenchyme (arrowheads). Abbreviations: a, anterior; p, posterior.
FIG. 4. Shh and Bmp-4 expression in the palatine rugae. (A±B) Oral cavity (transverse section), 11.5 d.p.c. Shh is expressed throughout
the maxillary oral epithelial thickening, but is concentrated mesially (arrow). Bmp-4 is found in mesial epithelium and underlying
mesenchyme. (C±D) Oral cavity, 14.5 d.p.c. Shh is expressed in rugal epithelium (arrows), Bmp-4 in underlying mesenchyme (arrowheads).
Abbreviations: t, tongue; ma, maxillary arch.
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(Figs. 5G and 5I). Bmp-2 is also associated with the urethra Hh Gene Expression in Nonepithelial Cells
at 14.5 d.p.c., in two discrete domains: a thin sheet of epithe-
Dhh is expressed in Schwann cells lining the axonal pro-
lium lumenal to the thick epithelial lining that expresses
jections of the sensory and motor neurons of both the cra-
Shh and a subset of the Bmp-4 expressing mesenchyme that
nial and spinal nerves (Fig. 7E; and data not shown). No
is located immediately adjacent to the Shh-expressing cells
expression is seen in the cranial or spinal ganglia them-
(data not shown).
selves, and no Bmp expression is detected.In two tissues of the urogenital system, we see Hh gene
Earlier studies have documented the early induction and
expression with no directly correlating Bmp expression. Shh
persistent expression of Shh in the ¯oor plate of the spinal
is expressed in the ureter of the kidney at 14.5 d.p.c. (data
cord (Echelard et al., 1993). We also detect Shh expression
not shown), and Dhh is expressed in Sertoli cells in the
at low levels in the motor neurons of the ventral horn of
seminiferous tubules of the male gonad throughout mid and
the spinal cord at 11.5 d.p.c. (Fig. 7F), although expression
late gestation (Fig. 6E).
is sporadic along the embryonic axis. Shh expression is also
detected in the vestibulocochlear ganglion (Fig. 7G) and ad-
renal cortex (Fig. 7H) at 14.5 and 16.5 d.p.c.Heart
Finally, high levels of Ihh mRNA are detected in cartilage
Dhh, but not other Hh members, is expressed in the endo- from as early as 11.5 d.p.c. (data not shown). Expression is
cardium of the atrioventricular (AV) canal and the truncus highest in chondrocytes in the growth regions of developing
arteriosus from as early as 11.5 d.p.c.; expression persists bones, but a lower level of expression persists into the hy-
until at least 14.5 d.p.c. (Fig. 6F). Bmp-2, -4, and -6 are all pertrophic zone (Fig. 7I). By comparison, Bmp-6 expression
found in the myocardium of the AV canal and the truncus is strongest in the hypertrophic zone (Fig. 7J). As would be
arteriosus during this period with some concordance with expected from this spatial relationship, expression of Ihh in
the distribution of Dhh (Figs. 6G and 6H; data not shown cartilage appears to precede that of Bmp-6 (data not shown).
for Bmp-6).
DISCUSSIONRespiratory System
Both Shh and Bmp-4 are expressed in the epithelium of There are three striking features to this study: the many
the developing respiratory system. In the respiratory ducts, diverse sites of Hh gene expression which are associated
Shh transcripts appear uniformly distributed across the epi- with epithelial ±mesenchymal interactions, the general lack
thelium. This expression can be seen in the bronchi at 11.5 of overlap in the expression of the mouse Hh genes, and the
d.p.c. (Fig. 5A) and in the bronchioles at 14.5 d.p.c. (Fig. 7A). clear correlation of Hh gene expression with that of several
Bmp-4 expression in the epithelium of the bronchi at 11.5 Bmps.
d.p.c. (Fig. 5C) displays a striking polarity not seen in Shh
expression. A polarity in the expression of Bmp-4 in the
Shhbronchiole epithelium is also apparent in later embryos,
with expression seemingly corresponding to branch points Previous reports have focused exclusively on the early
in the developing ductal epithelium (Fig. 7B). Expression of expression pro®le of just one vertebrate Hh, Shh. Shh is
Bmp-4 is also observed in the mesenchyme of the bronchi expressed in several organizing centers in the vertebrate
and trachea from 11.5 through 14.5 d.p.c. (Fig. 5C; and data embryo that mediate inductive interactions that result in
not shown); no expression is observed in the lung mesen- patterning of the neural tube, somites, and limbs (Echelard
chyme. et al., 1993; Krauss et al., 1993; Riddle et al., 1993; Roelink
et al., 1994; Chang et al., 1994; Bumcrot et al., 1995; MartõÂ
et al., 1995b; Roelink et al., 1995). Moreover, several experi-Other Epithelial Hh Gene Expression
mental approaches, including the application of puri®ed
Shh peptide, demonstrate that Shh is a key factor in theseWe note three additional instances of epithelial Hedgehog
gene expression. Low levels of Shh transcripts are detected events (Echelard et al., 1993; Krauss et al., 1993; Riddle et
al., 1993; Chang et al., 1994; Fan and Tessier-Lavigne, 1994;on the surface of the tongue from 12.5 through 16.5 d.p.c.;
much higher levels are detected in the epithelial cells of Johnson et al., 1994; Roelink et al., 1994; Fan et al., 1995;
MartõÂ et al., 1995a; Roelink et al., 1995). Our studies showthe developing sensory papillae on the mesial portion of the
tongue (Fig. 7C). A similar expression pattern is detected that Shh is also expressed in several novel sites later in
development, indicating that Shh may play additional rolesfor Bmp-4 (data not shown). Dhh is expressed in the endo-
thelium of the blood vessels, as early as 11.5 d.p.c. and in the mouse embryo.
Shh is expressed at, or shortly after, the initiation of devel-through 14.5 d.p.c. (data not shown). Shh is expressed in
the epithelium of the choroid plexus, primarily on its dorsal opment of the tooth, whiskers, hair follicles, rugae, gut,
and lung, all structures whose establishment is thought toaspect, by 12.5 d.p.c. (Fig. 7D). No correlating Bmp gene
expression is detected in these last two instances. depend upon epithelial±mesenchymal interactions. For ex-
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ample, the initial odontogenic potential in the tooth is stages of placode formation, suggesting that Shh may initi-
ate their morphogenesis. The epithelium of the rugae,thought to reside in the epithelium. Recombination of early
dental epithelium with nondental mesenchyme of neural which is thought to have a common origin with the dental
epithelium (Peterkova, 1985), also expresses Shh, suggestingcrest origin can give rise to teeth (Mina and Kollar, 1987;
Lumsden, 1988). However, after ingrowth of the dental epi- an additional underlying similarity in their molecular inter-
actions.thelium, there is an apparent switch in odontogenic poten-
tial to the underlying mesenchyme of the dental papilla, Shh is not only expressed at the initiation of epithelial±
mesenchymal interactions. The continued expression in ep-which condenses around the invaginating epithelium (Lum-
sden, 1988). As the tooth grows, adopts a speci®c pattern, ithelial derivatives at later stages indicates that Shh may
play additional roles in the differentiation of speci®c celland undergoes cytodifferentiation to generate the enamel-
secreting ameloblast from the ectoderm and dentin-produc- types. For example, in late stages of tooth development, Shh
is expressed exclusively in the differentiating ameloblasts.ing odontoblasts from the mesenchyme, cell±cell interac-
tions between the epithelium and the mesenchyme con- Interestingly, differentiation of the underlying dermal mes-
enchyme into odontoblasts occurs in synchrony with amel-tinue to play an important role (for review see Koch, 1972).
Development of the hair follows a similar program. The oblast formation, suggesting that Shh may regulate this pro-
cess.®rst sign of hair development is the appearance of a thick-
ening of columnar epithelium at regular intervals to form Ectodermal expression of Shh in the tooth and hair also
exhibits a marked polarity. In the hair, Shh is expressed inthe epidermal placodes, followed by the condensation of
mesenchyme cells underneath. It is not clear whether the only the anterior ectodermal cells of the invaginating hair
plug, presaging the caudal polarity in projection of the hairinitial appearance of the placodes is determined by the epi-
thelial or mesenchymal component of the skin; however, after its outgrowth from the epidermis. In the tooth, the
strongest expression occurs in the mesial portion of therecombination experiments with epithelium and mesen-
chyme removed from different anterior±posterior levels in- dental epithelium from the tooth germ stage through the
bell stage, when the cuspal morphogenesis, which is pecu-dicates that the subsequent ingrowth of the placodal epithe-
lium and the resulting morphology of the hair is determined liar to each tooth, is elaborated. Thus, Shh may play a role
in determining polarity within these organs.by the mesenchyme (for review see Hardy, 1992). As in the
tooth, signaling between epithelially derived cells and the The studies reported here suggest that Shh may partici-
pate in a wide array of epithelial ±mesenchymal interac-mesenchyme of the dermal papilla is thought to play an
important role in the elaboration of the complex, multilay- tions, irrespective of the origin of cell types. The tooth is
formed from an ectodermally derived epithelium and neu-ered structure of the mature hair. Such signaling persists
into the adult follicle (Jahoda, 1992). ral-crest-derived mesenchyme, while the mesenchyme of
the hair follicle and vibrissae is derived from the mesoderm.Expression of Shh, which in each of these structures is
exclusively epithelial, shows a striking correlation with the Shh is also expressed in the developing epithelium of the
lung and speci®c regions of the gut, which are derived frominductive signaling processes that regulate the development
of these structures. In the tooth, the vibrissae (large whisk- the endoderm. Finally, Shh is expressed in the epithelium
of both the urinary bladder and the urethra, although bothers of the face), and the hairs, Shh is expressed at the earliest
FIG. 5. Shh, Ihh, Bmp-2, and Bmp-4 expression in the developing gut. (A±C) Frontal section of the abdomen, 11.5 d.p.c. High levels of
Shh expression are detected in epithelium of forestomach and midgut, with lower levels of expression in hindstomach epithelium. High
levels are also seen in bronchial epithelium. Ihh transcripts appear in hindstomach and midgut epithelium. Bmp-4 is expressed in the
ventral bronchial epithelium and in mesenchyme surrounding forestomach, midgut, and bronchi. (D±F) Stomach, 13.5 d.p.c. Shh is again
detected at high levels in forestomach epithelium and at low levels in hindstomach epithelium. Ihh is detected exclusively in hindstomach
epithelium, Bmp-4 in the mesenchyme surrounding the entire stomach. (G±L) Lower abdomen, 12.5 d.p.c. (J, K, and L are closeups of
midgut.) Shh expression is seen in epithelium of midgut, hindgut, and urethra, Ihh in midgut and hindgut epithelium. Bmp-4 is expressed
in mesenchyme surrounding the epithelium of midgut (arrow in L), hindgut, and urethra. (M±P) Duodenum and midgut, 14.5 d.p.c. Shh
is detected in the duodenum, restricted to the crypts (arrows). Ihh is expressed throughout the epithelium of both duodenum and midgut.
Bmp-2 is expressed at tips of the villi in the duodenum; Bmp-4 expression is detected in duodenal mesenchyme. (Q ±S) Rectum, 14.5
d.p.c. Ihh is expressed in rectal epithelium, Bmp-2 in a subset of these cells closest to the lumen. Bmp-4 is expressed in rectal mesenchyme.
Ihh expression is also visible in the vertebrae. Abbreviations: br, bronchi; fs, forestomach; hs, hindstomach; r, rostral; c, caudal; mg,
midgut; u, urethra; hg, hindgut; d, duodenum; re, rectum; v, vertebrae.
FIG. 6. Hh and Bmp expression in the urogenital system and heart. (A±B) Transverse section, 11.5 d.p.c. Shh is expressed in the epithelium
of the urogenital sinus, while Bmp-4 is expressed in surrounding mesenchyme (arrowhead). (C±D) Urinary bladder and vas deferens, 14.5
d.p.c. Shh is expressed in the epithelium of both bladder and vas deferens, Bmp-4 in surrounding mesenchyme. (E) Testis, 13.5 d.p.c. Dhh
is expressed in Sertoli cells of the seminiferous tubules of the testis. (F±H) Heart, 12.5 d.p.c. Dhh is expressed in the endocardium of the
atrioventricular valve and truncus arteriosus. Bmp-2 and -4 are expressed in myocardium underlying the atrioventricular valve, Bmp-4 in
myocardium underlying the truncus arteriosus. Abbreviations: ug, urogenital sinus; fp, ¯oorplate; n, notocord; b, bladder; vd, vas deferens;
st, seminiferous tubules; av, atrioventricular valve; ta, truncus arteriosus; ve, ventricle.
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FIG. 7. Other sites of Hh and associated Bmp expression. (A±B) Lung, 14.5 d.p.c. Shh is expressed uniformly throughout bronchiole
epithelium; Bmp-4 is expressed in a polarized fashion within bronchioles, apparently corresponding to branch points. (C) Tongue, 14.5
d.p.c. Shh is expressed in epithelial cells of the sensory papilla (arrows). (D) Choroid plexus, 12.5 d.p.c. Shh is expressed in epithelium of
the dorsal aspect. (E) Peripheral nervous system, 14.5 d.p.c. Expression of Dhh can be seen in Schwann cells associated with input and
output tracts of the trigeminal (V) ganglion. (F) Spinal cord, 11.5 d.p.c. In addition to the ¯oorplate and notocord, motor neurons of the
ventral horn show low levels of Shh expression. (G) Shh expression in the vestibulocochlear ganglion (VIII), 14.5 d.p.c. (H) Shh expression
in the adrenal cortex, 14.5 d.p.c. (I± J) Scapula, 14.5 d.p.c. Ihh expression is most robust in the growth zone, but persists at low levels into
hypertrophic chondrocytes. By contrast, Bmp-6 expression is low in growth zone and strongest in hypertrophic chondrocytes. Abbreviations:
p, pharynx; mn, motor neurons; gz, growth zone; hc, hypertrophic chondrocytes; bo, bone.
FIG. 8. Model for vertebrate Hhs and Bmps in epithelial±mesenchymal interactions. (A) Epithelium (blue) and mesenchyme (green) prior
to placode formation. (B) Hh produced by epithelial placode signals mesenchyme to activate Bmp expression. (C) Bmp produced by
condensing mesenchyme signals epithelial placode. (D) Reciprocal signaling by Hh and Bmp leads to morphogenesis of primordium.
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the epithelium and mesenchyme of these organs are of me- the developing atrioventricular valve of the heart and with
endothelial cells of the major blood vessels.sodermal origin. Thus, Shh signaling, like that of its Dro-
sophila counterpart, appears to have evolved to mediate The Sertoli cells have many important functions, includ-
ing the initiation of the male program of sexual develop-many distinct cell interactions in the developing embryo.
Expression during mid to late gestation is not exclusively ment and the regulation of spermatogenesis in the testis
(reviewed in Russell and Griswold, 1993). While it has beenassociated with epithelial±mesenchymal interactions. In
the CNS, there are several discrete sites of expression in known for some time that the Sertoli cells are responsible
for the production of MuÈllerian-inhibiting substance (Jost,the brain which have not been documented in this study
(M.J.B. and A.P.M., unpublished observations). In the spinal 1947, 1953), a secreted factor responsible for mediating the
loss of female characteristics, it is unclear which signalingcord, we detect variable expression of Shh in differentiated
motor neurons. Interestingly, Shh has been shown to induce molecules mediate many of their other interactions. These
studies suggest that Dhh may be one such component, amotor neuron development (MartõÂ et al., 1995a; Roelink et
al., 1995). Later expression suggests that Shh may play an conclusion supported by loss of function analyses (M.J.B.,
L. Shen, and A.P.M., in preparation).additional role in the differentiation or survival of these
cells. In the peripheral nervous system, Shh is expressed in Expression in Schwann cells suggests that Dhh may par-
ticipate in nerve±Schwann cell interactions. Schwann cells,the ectoderm of the developing sensory papillae of the
tongue, which are derived from the lingual epithelium, and which arise from the neural crest, are implicated in the
regulation of neurite outgrowth and survival of peripheralin the vestibulocochlear ganglion. Finally, the localized ex-
pression of Shh in the mesodermally derived adrenal cortex nerves, in addition to their later role in myelination (Aguayo
et al., 1976; Baehr and Bunge, 1989; Matsuoka et al., 1991;suggests that Shh may play a role in the development of
steroid-producing cells in this organ. Bhattacharyya et al., 1992). As yet, there is relatively little
molecular understanding of these events, although ciliary
neurotrophic factor, which is expressed in postnatalIhh and Dhh Schwann cells, may be involved in the regulation of motor
neuron survival (for review see Davies, 1993). The expres-Our data provide the ®rst analysis of Ihh and Dhh expres-
sion in vertebrates. Ihh shows two main sites of expression: sion of Dhh from 11.5 d.p.c. suggests an earlier role in
nerve±glia interactions.gut endoderm and cartilage. In the early gut tube, there is
some overlap in the expression of Ihh and Shh in caudal
regions of the gut, but, as the gut differentiates, a clear
Hedgehogs and Bmpsseparation of their expression domains emerges. In the de-
veloping stomach, for example, the highest levels of expres- The hedgehog family shows an unusually high degree of
sequence conservation between vertebrates and Drosophila,sion of each gene occur in distinct regions of the epithelium,
while Shh expression in the foregut and Ihh expression in particularly in the active signaling component, a 19-kDa
peptide (Fan et al., 1995; Fietz et al., 1995; MartõÂ et al.,the rectum are each unaccompanied by the expression of
the other. In the 14.5 d.p.c. duodenum, these genes are coex- 1995a; Roelink et al., 1995). Furthermore, ectopic expres-
sion of mouse Shh in Drosophila and Shh and Ihh in zebra-pressed; however, Ihh localizes to the more differentiated
regions of the villi and Shh to undifferentiated cells re- ®sh embryos suggests similarities in their interactions. For
example, ectopic expression of mouse Shh is able to pheno-maining in the crypts. The differential expression of these
genes in speci®c regions of the gut suggests that they may copy the effects of Drosophila hh (Ingham and Fietz, 1995),
while Shh and Ihh, when expressed at the same stage, gener-play a role in its regional patterning.
The only other site of Ihh expression that we observe is ate similar phenotypes in zebra®sh embryos (M. Ham-
merschmidt and A.P.M., unpublished observations). Thus,the growth zone, and to a lesser extent the hypertrophic
cartilage, of developing bones. (We have not observed Ihh vertebrate and Drosophila homologues may share features
of their signaling pathways.expression at sites of intramembranous bone formation in
the skull.) Expression in the growth zone and hypertrophic In Drosophila, a major role of Hh signaling is the activa-
tion of additional signals which are thought to regulate em-cartilage suggests that Ihh may play a role in the prolifera-
tion of chondrocytes, which is essential for the normal bryonic and imaginal disc patterning directly. These include
Dpp and wingless (for review see Vincent and Lawrence,growth of skeletal elements, or the stimulation of the differ-
entiation of chondrocytes into hypertrophic cells, which 1994; Perrimon, 1995). Previous studies suggested that Shh
is capable of regulating the expression of a dpp homologue,precedes the invasion of blood vessels, ingression of osteo-
blasts, and replacement of the degenerating cartilaginous Bone morphogenetic protein-2 (Bmp-2) in the chick limb
bud (Laufer et al., 1994). Our results demonstrate strikingmatrix by bone (Horton, 1990).
Dhh shows no overlap in expression with either Ihh or correlations in the expression of mouse Hh genes and Bmps.
In the teeth, hair, whiskers, rugae, gut, bladder, urethra,Shh. The two major sites of expression are the male gonad,
in the somatically derived Sertoli cell and their precursors, and lung, Bmp-2 and/or Bmp-4 are expressed either in the
mesenchyme underlying the site of Shh expression or inand the peripheral nerves, in the encapsulating Schwann
cells. In addition, there is some expression associated with the epithelial cells near or even coincident with the cells
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tions and growth alterations in Drosophila wings. EMBO J. 13,that express Shh. Interestingly, the relationship between
4459±4468.Hhs and Bmps is not restricted to Shh. Ihh is expressed in
Chang, D. T., Lopez, A., von Kessler, D. P., Chiang, C., Simandl,the gut epithelium adjacent to mesenchyme that expresses
B. K., Zhao, R., Seldin, M. F., Fallon, J. F., and Beachy, P. A.Bmp-4; it is also found in the cartilage along with Bmp-6.
(1994). Products, genetic linkage and limb patterning activity ofDhh is expressed in the endocardium of the atrioventricular
a murine hedgehog gene. Development 120, 3339±3353.
valve, adjacent to Bmp-2, -4, and -6. Expression of Ihh in Concordet, J.-P., and Ingham, P. (1995). Patterning goes Sonic. Na-
the cartilage is of special interest, given the role of Bmps ture 375, 279±280.
in regulating cartilage and bone development (for review Davidson, P., and Hardy, M. H. (1952). The development of mouse
see Reddi, 1994). In this tissue, Ihh is primarily expressed vibrissae in vivo and in vitro. J. Anat. 86, 342±356.
in the less differentiated cells of the growth zone, while Davies, A. M. (1993). Promoting motor neuron survival. Curr. Biol.
3(23), 879±881.Bmp-6 is activated in the differentiated derivatives of these
Echelard, Y., Epstein, D. J., St-Jacques, B., Shen, L., Mohler, J.,cells, the hypertrophic chondrocytes. This observation
McMahon, J. A., and McMahon, A. P. (1993). Sonic hedgehog, aplaces Ihh ``developmentally'' upstream of Bmp-6; indeed,
member of a family of putative signaling molecules, is implicatedIhh expression precedes that of Bmp-6 (data not shown). It
in the regulation of CNS and limb polarity. Cell 75, 1417±1430.will be interesting to determine whether Ihh is capable of
Fan, C.-M., and Tessier-Lavigne, M. (1994). Patterning of mamma-mimicking the actions of Bmps in initiating bone morpho-
lian somites by surface ectoderm and notochord: Evidence for
genesis. sclerotome induction by a hedgehog homolog. Cell 79, 1175±
These results suggest two obvious possibilities: that 1186.
Bmps may be general targets of Hedgehog signaling in verte- Fan, C.-M., Porter, J. A., Chiang, C., Chang, D. T., Beachy, P., and
brates and that a major component of the reciprocity of Tessier-Lavigne, M. (1995). Long-range sclerotome induction by
epithelial±mesenchymal interactions could involve a sig- Sonic hedgehog: Direct role of the amino-terminal cleavage prod-
uct and modulation by the cyclic AMP signalling pathway. Cellnaling loop between Hh- and Bmp-expressing cells in adja-
81, 457±465.cent cell populations (Fig. 8). While the patterns of expres-
Fietz, M., Concordet, J.-P., Barbosa, R., Johnson, R., and Krauss, S.sion of Hedgehog members is suggestive of possible func-
(1994). The hedgehog gene family in Drosophila and vertebratetions and molecular interactions, proof will require both
development. Development (Suppl.), 43±51.genetic modi®cation of Hedgehog expression and the use
Fietz, M. J., Jacinto, A., Taylor, A. M., Alexandre, C., and Ingham,of simple in vitro approaches which have proven so useful
P. W. (1995). Secretion of the N-terminal fragment of the hedge-
in the analysis of the early roles of Shh. hog protein is necessary and suf®cient for hedgehog signalling
in Drosophila. Curr. Biol. 6, 643±650.
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